Ion Coulomb crystals form when trapped ions are cooled below a certain critical temperature. In radiofrequency (RF) traps, such crystals are usually stationary (i.e. non-rotating) with shapes similar to those of cold, homogeneously charged liquids when the number of ions is sufficient for three-dimensional structures to appear. 'Dynamically stable' structures can, however, also be created either by directly applying a torque to an initially stationary crystal or by choosing trap parameters just within the stability region where stationary crystals will melt due to parametric resonances between the RF trap field and ion plasma modes.
Introduction
When trapped ions are cooled below a certain critical temperature (typically about 10 mK) they form spatially ordered structures, often referred to as ion Coulomb crystals. In the last decade, such crystals of various sizes containing single-ion species have been investigated in various types of traps (see, e.g. [1] [2] [3] [4] [5] [6] and references therein). In a number of recent experiments, the detailed structures of such crystals have been shown to be in good agreement with theoretical predictions [1] [2] [3] [4] [5] [6] and the shape of the outer boundary of these cold plasmas has been shown to be very similar to that of a cold, homogeneously charged liquid [7] for a large variety of trapping parameters (see [8, 9] ). As an example, CCD images of an ion Coulomb crystal consisting of about 100 ions are shown for five different potentials of a linear Paul trap in figure 1. As is evident from figure 2, only in the extreme limits where the ion Coulomb crystal becomes one-dimensional string-like or two-dimensional pancake-like do deviations from the liquid model appear. The latter is clearly seen in figure 2, when the aspect ratio of the crystal is above 20. Whereas ion Coulomb crystals in Penning traps are forced to rotate in order to be confined, in radiofrequency (RF) traps ion crystals are normally non-rotating as in the crystals shown in figure 1 . In this paper we will present some preliminary results showing that in The first image corresponds to a nearly pancake-like structure while the last one is cigar-shaped. The radial trap frequency ω r is given by ω r = (ω ρ 2 − 0.5ω z 2 ) 1/2 , where ω ρ = 2π × 300 kHz and ω z is the axial trap frequency. In units of ω ρ , the value of ω z is 1.37, 1.31, 1.01, 0.56 and 0.235, respectively, for the five crystals presented. figure 1 for corresponding calculated ratio of the axial to radial trap oscillation frequencies, ω z /ω r . The two graphs show the expected relation between these two quantities in a non-interacting particle and a cold homogeneously charged liquid model. linear Paul traps rotating crystals can be created by exerting a torque on an initially stationary crystal. We will also show that 'dynamically stable' crystals can be formed by choosing trap parameters just within the stability region where stationary crystals will melt due to parametric resonances between the RF trap field and ion plasma modes.
charged liquid model

Laser-torque-induced rotating crystals
While for many years the torque produced by the radiation pressure force of a near-resonant laser beam intersecting a cold ion plasma off-axis has been applied to control the plasma rotation frequency in Penning traps [10] , the same technique has not, to our knowledge, previously been tested on cold ion ensembles in RF traps. In the preliminary experiments we have performed, first a non-rotating ion crystal was formed by laser cooling 40 Ca + ions along the RF field free axis of a linear Paul trap (details on the trap used can be found in [11] ). An example of such a non-rotating crystal consisting of ∼200 ions is shown in figure 3(a) . Next, a 'torque' beam with a power ∼1 mW derived from the same laser as the cooling beams is focused to a spot size of about 100 µm where it crosses the ion crystal in a direction perpendicular to the cooling beams. By either changing the offset position of the torque beam with respect to the central RF field free axis, detuning the laser or the laser power, stable rotating crystals with significantly changed crystal aspect ratios could be formed. In figures 3(b)-(f) a series of such rotating crystals obtained by only changing the offset position of the 'torque' laser are shown (the corresponding stationary crystal is the one shown in figure 3(a) ). In the case of figure 3(f), the rotating crystal is extremely oblate, indicating that the rotation frequency is close to the radial trap frequency, which is ω r = 2π × 180 kHz. The structures of the rotating crystals seem to be more or less identical to stationary crystals with equivalent aspect ratios (see figure 1 ). Besides the shape and structures, the hypothesis of rotation in the case of figures 3(b)-(f) is supported by the fact that the ion density scales (within the uncertainty of the measurements) as (ω r,e f f /ω z ) 2 +1/2 (expected from theory), where ω r,e f f is the effective radial trap frequency, including the centrifugal force due to rotation, and ω z is the axial trap frequency (independent of the rotation frequency). The values of ω r,e f f /ω z have been deduced from the aspect ratios of the crystals through the relation given by the solid curve in figure 2 .
Besides being fascinating objects, rotating crystals might also prove to be very useful in quantifying sympathetic cooling of the radial degrees of freedom of an ion plasma when applying laser cooling only along the RF field free axis. (This is usually the situation when producing larger crystal structures in linear Paul traps [2, 12] .) If after a crystal has reached a steady rotational state the laser beam providing the torque is turned off, one can monitor, as function of time, how fast the crystal relaxes towards the non-rotating stationary state and hence deduce an effective radial cooling rate. In figure 4 , a series of CCD images of a cold ion plasma is presented for different times after shutting off the torque-producing laser beam (the time interval between the pictures is 166 ms). From the known trap potential and the aspect ratio of the individual cold plasmas presented in figure 4 , one can determine the total rotational energy of the ion cloud through the relation to the effective axial and radial confining potential (solid curve figure 2) for each picture. In figure 5 , this rotational energy per ion is plotted as a function of time after blocking the torque laser together with an exponential fit from which a typical cooling timescale of ∼100 ms can be derived. This timescale is considerably longer than the typical optimum Doppler laser cooling time of ∼100 µs. Though it is not exactly correct to compare the found radial cooling time constant with the time constant for three-dimensional sympathetic cooling of one ion species by another laser-cooled species, the values are definitely linked and apparently very similar. From further detailed studies of sympathetic radial cooling of rotating crystals one might be able to provide new experimental insight into three-dimensional sympathetic cooling. Sympathetic radial cooling must also play a crucial role for the steady rotation frequency of ion crystals such as those presented in figure 3 . While the force from the torque-laser beam alone would lead to an ever increasing rotational frequency, the presence of the rotational damping force induced by the cooling lasers could provide the needed friction in the system to obtain a well-defined locking frequency.
In the experiments, any torque provided by slight misalignment of the cooling laser beams was too insignificant to lead to crystal rotation.
Parametric-resonance-induced 'dynamically stable' crystals
Another type of 'dynamically stable' crystal structure is apparently linked to parametric resonances between the frequency of the radial confining trap field and plasma modes of the ion crystals. These structures are easily observed when operating the linear Paul trap by a periodic sequence of square pulses, as sketched in figure 6 (see also [11] ). In figure 4 , the single-ion stability diagram is shown with an indication of the region where stationary 24 
Mg
+ ion Coulomb crystals have been observed. The vertical line in this figure represents a rough theoretical limit for stable crystals due to the appearance of parametric resonances between the RF frequency ω RF of the trapping field and a mode frequency ω mode of the crystals. Formally, this parametric resonance condition reads: 2ω RF = ω mode . For larger crystals the mode frequencies cover a broad range with the maximal frequency ω mode,max being close to the plasma frequency ω plasma of an infinite crystal [13] . More precisely, the vertical line actually defines the trap parameters where 2ω RF = ω plasma . To the right of the line 2ω RF < ω plasma , which means that parametric resonances will be present for larger crystals. As is evident from figure 7 , stationary crystals are accordingly not observed to the right of the stability line. At trap parameters where parametric resonances will lead to melting of stationary crystals, rotating crystals, which have lower densities, might exist since ω plasma scales as the root of the ion density. In a series of experiments, we have first created ion crystals within the stability region of stationary crystals (horizontally hatched area in figure 7 ) and then increased the amplitude of the square pulses applied to the trap (equivalent to increasing the value of the stability parameter q) until the stability line was just passed. Immediately before crossing the line, normal stationary crystals like the one shown in figure 8 (a) were observed, while when passing the line, the crystal first melted, but within seconds reordered to form a completely different 'dynamically stable' structure as shown in figure 8(b) . These structures are extremely axially ordered with an outer spheroidal contour like the stationary and rotating crystals discussed in the previous sections. The outer shape of the crystal in figure 8 (b) can actually be explained if the ions in the ordered structure are rotating at a frequency equal to ∼0.3ω RF . This hypothesis is supported by a series of experiments where the aspect ratios of the ordered structures were measured for various axial trap frequencies. An excellent agreement with the cold liquid model shown in figure 2 was found when a rotation frequency of 0.3ω RF was included in the calculation of the effective radial confining potential. Though locking to a specific rotational frequency can be understood as a balance between the sympathetic radial cooling (see the previous section) by the direct axial laser cooling and heating from parametric resonances, the value of the rotation frequency as well as the axial ordering remains to be understood. Finally, the mechanism triggering the rotation has still not been determined, but a weak torque on the ion plasma due to a slight misalignment of the cooling laser beam with respect to the RF free trap axis could be the explanation. The observed 'dynamically stable' structures might well be interesting in connection with crystallization experiments in storage rings where the radial confinement is equivalent to that of a pulse-operated linear Paul trap [11] . , where e and m are the charge and the mass of the ion, V RF is the amplitude of the time-varying pulses applied to the trap as pointed out in figure 6 , ω RF = 2π/T , with T being the pulse period, U DC is the continuous dc voltage applied to the eight end-pieces of the electrodes shown in figure 6 for axial confinement and η = 0.99 is a parameter determined by the geometry of the trap. Furthermore, τ = 0.1 has been used in calculating the stability diagram. figure 7 representing the theoretical prediction of parametric resonance. Note the very different shapes and ordering of these two crystals.
Conclusion
It has been shown that non-stationary ion Coulomb crystals can be formed in linear Paul traps either by applying a torque induced by a near-resonant laser beam or through a parametric coupling of the ion plasma to the RF field applied to the trap electrodes. The crystal structures in the first case resemble those of stationary crystals, while in the latter case unusual strong axial ordering exists.
